A 356 is a hypoeutectic Al-Si alloy which has been widely used in many industrial fields owing to its good castability, low density, high corrosion resistance, and good weldability [1] [2] [3] . The T6 heat treated A356 has often been used in automobile wheel hubs [4] [5] . In order to achieve good comprehensive performance, the most common method is adding less than 0.2wt.% of Ti to the Al-Si alloy to refine the grain size and obtain a fine-equiaxed structure. Al 3 Ti and α-Al have similar lattice constants, so the Al 3 Ti particles act as heterogeneous nucleation sites for α-Al grains and refine the microstructure of A356 [6, 7] . However, a previous researcher found that the Al 3 Ti particles can only dissolve into liquid alloy at high temperature, which significantly deteriorates its refining effect [8, 9] .
the eutectic Si change from coarse long flake or acicular form to fine globular-fibrous or spheroidal morphology [10] [11] [12] . Many researchers owed this improvement to the presence of magnesium, in which Mg reacts with Si to form Mg 2 Si, the precipitation hardening phase [13, 14] . During T6 heat treatment, two traditional stages are involved. The first stage is called solid solution treatment and quenching, and the second stage is called artificial aging. Those processes change the morphology of the strengthening phases and improve the ductile property of A356 [15] .
Microstructures and mechanical properties are also dependent on parameters of the casting process. Although pouring and mold temperatures are two important casting parameters to produce high quality and low porosity castings [16, 17] , there are limited studies showing the effects of pouring temperature, mold temperature, mold cooling conditions on the performance of A356 in permanent mold casting. In this study, in order to study the effect of specific cooling conditions on the microstructure and mechanical properties of the A356, a temperature controlled permanent mold is developed to fabricate A356 castings. The microstructures and mechanical properties of ascast and T6 heat treated alloys are investigated. The material used was a commercial A356 alloy with a chemical composition of 6.5%-7.5% Si, 0.3%-0.45% Mg, less than 0.2% Ti. After the alloy was melted in a crucible inside the electric resistance furnace, it was poured into the mold cavity of 10 mm in diameter, and the specimen dimensions are based on the standard of GB/T 228-2002. A data acquisition and mold heating system is shown in Fig. 1 , which is equipped to control the temperature of permanent mold prior to the pouring process, and to record the temperature change of the mold cavity and the casting during the cooling process. In Fig. 1 , a thermocouple connected with the temperature recorder is inserted in the top of mold cavity to record the temperature of the mold cavity before the filling process, and the cooling temperature of the casting after filling. A heater with four terminals is imbedded in the heating plate to heat the permanent mold. A temperature controller connected to the alternating current (AC) contactor is employed to adjust the mold temperature. Three sets of specimens were fabricated at different pouring and mold temperatures, as shown in Table 1 . After tensile tests, the specimens were cut into samples for microstructure analysis and hardness testing. The microstructure analysis samples were polished and further etched with Keller's reagent. The microstructures were revealed by a Hitachi Regulus 8220 electron microscope and a Leica DM2700M optical microscope. The secondary dendrite arm spacing (SDAS) was measured by using micrographs with an accurate scale bar with the help of image processing software. Lines parallel to the direction of primary growth were drawn and then the SDASs were measured by averaging the distance between adjacent side branches on the longitudinal section of a primary dendrite [18] . The Brinell hardness was tested by a XHB-3000 hardness tester with a 5 mm diameter cemented carbide ball under a load of 1,250 N for 30 s. Vickers hardness was obtained by HXD-1000TMC tester under a load of 0.025 N for 30 s. The tensile test was conducted on an universal testing machine CHT4605. T6 heat treatment was carried out in an anti-oxidation atmosphere furnace TCXQ-1700, and conducted with the procedure shown in 
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Temperature-time curves
Three temperature-time curves are shown in Fig. 3 . In order to present striking contrast between different pouring times, the curves from 301 s to 335 s are amplified, and are shown in the upper right hand corner of the graph. Before 301 s, the mold cavity temperature is recorded, and after 301 s, the casting temperature is recorded. In order to decrease the temperature drop as much as possible, the liquid alloy is poured into the cavity within 3 s after the crucible was taken out of the furnace.
It is well known that undercooling influences the microstructure and mechanical properties. For hypoeutectic Al-7% Si alloy, the theoretical solidification range is from 602 to 577 °C according to the Al-Si phase diagram, and its eutectic undercooling (ΔT eut ) could be determined by the equation below, according to the modified Jackson-Hunt model [20] :
where, φ is a dimensionless parameter, and the value of φ was found to be 2.3 for Al-Si alloys; and k 2 is material parameter constant related to thermodynamic parameters such as diffusion coefficient, liquidus slope in phase diagram, Gibbs-Thompson coefficient, etc.; λ 2 is the secondary dendrite arm spacing related to the cooling rate in solidification or solidification time. For a typical eutectic phase diagram alloy, there are two slope transitions in the cooling temperature-time curve during solidification. One is the time when temperature decreases to liquidus, and the other is the time when temperature decreases to solidus. In the upper right hand corner of Fig. 3 , the graph shows the temperature of liquid alloy decreases to below 610 °C quickly and starts to solidify. It is hard to distinguish the temperature-time curve's first slope change in the beginning of solidification, but the second slope change occurs at temperatures 565, 560 and 566 °C for T258, T270 and T288 curves, respectively. So, during the solidification process in a temperature controlled permanent mold of A356, the in-situ undercooling temperature is 12, 17 and 11 °C, respectively, which is calculated based on the differences between the eutectic temperature (577 °C) and the temperatures of the turning point on the solidification curves (565, 560 and 566 °C). An interesting puzzle is presented that the curves T270 and T258 have two characteristic points, E and F, after pouring within 10 s. Within one second after pouring, the T270 and the T258 drop quickly, and they have the similar cooling rate until they separate from each other at about 5 s (Point E) after pouring, and then the T270 is below the T258. When they intersect at F (about 8 s after pouring), the T270 is above the T258 again. This could be explained as follows: First, because of the low mold temperature of T258, the temperature of the liquid metal drops rapidly and solidifies rapidly after pouring. In the initial stage of solidification, the amount of solidified Al alloy of the T258 is more than that of T270. Therefore, more solidification latent heat of the T258 should be released and the cooling rate is slower than that of the T270, then the T270 becomes below the T258. Obviously, the solidification time of the T270 is longer than that of T258, and when the solidification is about to finish and the latent heat of solidification is almost released, the T270 gradually exceeds the T258, and then the T270 becomes above of the T258.
Because of the relative higher mold temperature and lower pouring temperature, the T288 curve is below that of the T258 and T270 in the beginning of solidification within 26 s after pouring and then reaches above of them. Since T270 is the most widely used condition in the automotive industry such as in the production of A356 automobile wheel hubs, it was chosen to carry out the analysis below.
Microstructure
In order to study the relationship between the cooling rate, microstructure, and property, three zones were studied which were selected at the distance of 0 R, 0.5 R and R from the center of the sample T270, where R is the radius of the sample. The microstructures are shown in Fig. 4 . The microstructure refinement could be evaluated by the value of secondary dendrite arm spacing (SDAS, λ 2 ), which is related to the cooling rate as discussed above. Based on the inverse relationship between solidification time (t f ) and cooling rate, it could be predicted by an empirical expression [21] [22] [23] :
where, B and n are constants related to materials and solidifying condition.
However, it is difficult to determine the in-situ solidification time according to the temperature vs. time curves above. The imitation of solidification has been carried out, and the t f is 0.25, 0.2 and 0.1 s, respectively, for samples located at 0 R, 0.5 R and R from the center, and the measured SDASs are 19.35, 19.13, and 16 .65 μm, respectively. The constants B and n are 24.793, 0.171, and therefore, the fitting curve is shown in Fig. 5 . After T6 heat treatment, the microstructures of the sample at 0 R, 0.5 R and R from the center are shown in Fig. 6 . An image processing software is applied to analyze the images in Fig. 4 and Fig. 6 to show the difference of their microstructure such as the grain size and distribution. The detailed analysis procedures can be found in reference [24] . The calculated results are listed in Table 2 . Fig. 4 and Fig. 6 As-cast T6 It is clear that the SDAS is finer near the edge of the specimen, and the mean diameter of α-Al becomes smaller from center to edge for both as-cast and T6 heat treatment A356 specimens. After T6 heat treatment, the α-Al grain becomes bigger because it is heated to high temperature and held for hours to ensure the dissolution of Si phase. In the subsequent quenching and artificial aging processes, the Si precipitates along the α-Al grain boundary with their morphology changing from long continuous flake to discontinuous globular-fibrous morphology.
Mechanical properties
Hardness and ultimate tensile strength of as-cast and T6 heat treated A356 alloy are shown in Table 3 . It could be seen that after T6 heat treatment, the ultimate tensile strength is improved from 140 to 307 MPa, HBW increases from 66 to 88 N·mm -2 , elongation increases from 4.3% to 8.7%, microhardness of α-Al increases from HV74.35 to HV104.49, and microhardness of Si phase increases from HV84.50 to HV115.98. The ultimate tensile strength of as-cast specimen is lower than that of the standard ASTM B108-03a. This is due to the lower cooling rate caused by the heating plate and insulation board during solidification which results in the greater value of λ 2 and larger grain size. However, the T6 heat treatment enhanced the values of ultimate tensile strength and elongation greatly, and they are 34.6% and 190% higher than those of the standard ASTM B108-03a, respectively.
Tensile fracture morphology
The tensile fracture morphologies of the as-cast and T6 heat treated A356 alloy are shown in Fig. 7 . In Fig. 7(a) , the fracture surface is composed of some typical cleavage fractures and a small number of dimples. There are some thick and smooth cleavage platforms, and some river pattern lines caused by the eutectic silicon phases. For river pattern lines shown in Section I, small and narrow tear edges join together and become a big tear edge. Some parallel secondary cleavage cracks are also observed in some big grains in Section II. Some grains become longer and narrower due to the drawing force. The wide-angle grain boundaries become the obstacles of crack propagation which results in the fan-shaped patterns as shown in Section III. On the basis of characteristics above, it is concluded that the fracture of as-cast A356 here is quasi-cleavage fracture. In Fig. 7 (b) , small dimples on the surface are observed as shown in Section IV. However, some river pattern lines are also observed. Due to the nature of higher elongation, it could be inferred that the fracture of T6 heat treated A356 is ductile.
Conclusions
The effect of pouring and cooling temperatures on the microstructures and mechanical properties of as-cast and T6 heat treated A356 aluminum alloy has been studied. According to the metallographic examination and tensile testing results, the following conclusions can be drawn:
(1) As the mold temperature and pouring temperature changes from 258 °C/680 °C, 270 °C/680 °C to 288 °C/650 °C, the undercooling degree changes from 12 °C, 17 °C to 11 °C.
(2) The secondary dendrite arm spacing of the T270 specimen at 0 R, 0.5 R, and R from the center of the specimen are 19.35 μm, 19.13 μm, and 16.65 μm, respectively, which can be predicted by the empirical expression λ 2 =24.793×t f 0.171 .
(3) After T6 heat treatment for T270 specimen, the Si phase changes from long continuous flake to discontinuous globularfibrous morphology. The ultimate tensile strength is improved from 140 to 307 MPa, HBW increases from 66 to 88 N·mm -2 , elongation increases from 4.3% to 8.7%, microhardness on α-Al increases from HV74.35 to HV104.49, and microhardness on Si phase increases from HV84.50 to HV115.98.
(4) The tensile fracture of the as-cast A356 alloy is quasicleavage fracture, and the T6 heat treatment A356 alloy is ductile fracture.
